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Surface tensionAbstract This paper focuses on the stability of capillary forced ﬂow. In space, open capillary chan-
nels are widely used as the liquid and gas separation devices to manage liquid positioning and trans-
portation. Surface collapse happens when the ﬂow rate exceeds the critical value, leading to a failure
of propellant management. Knowledge of ﬂow rate limitation is of great signiﬁcance in design and
optimization of propellant management devices (PMDs). However, the capillary ﬂow rate limita-
tion in an asymmetry channel has not been studied yet in the literature. In this paper, by introducing
an equivalent angle to convert the asymmetry corner to a symmetry one, the one-dimensional the-
oretical model is developed. The ﬂow rate limitation can then be investigated as a function of the
channel geometry as well as liquid property based on the model. Comparisons between the asym-
metry and symmetry channels bring forth the characteristics of the two kinds of channels, and
demonstrate good accordance between the new advanced model and the existing one in the litera-
ture. This theoretical model can provide valuable reference for PMD designers.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As the most widely used devices for gas and liquid separation
in space, capillary channels mainly control liquid and gas loca-
tions by surface tension, the primary force dominating liquid
behavior in microgravity. In surface tension tanks of satellites,
propellant management devices (PMDs) use capillary channelsto manage propellant, keeping the gas from ingesting into the
liquid. Moreover, capillary channels are critical to many
important ﬂuids management systems such as fuels’ storage
systems, life support systems and other materials processing
in the liquid state.1–6
In surface tension dominated systems, when liquid is
drained from channels, it forms a curving free surface in the
open side of the channel to balance the pressure difference
between the liquid and the surrounding gas. The liquid pres-
sure decreases along the ﬂow direction due to the convective
and viscous momentum transport. Increasing the ﬂow rate
causes larger pressure loss. The collapse of the free surface will
happen when ﬂow rate exceeds the critical value and then the
capillary pressure can no longer balance the pressure differ-
ence. Surface collapse and gas ingestion lead to a failure of
propellant management. The investigation of capillary surface
Capillary ﬂow rate limitation in asymmetry open channel 721collapse is not only a problem deserving scientiﬁc research but
also of practical signiﬁcance in PMD engineering ﬁeld.
Capillary ﬂow rate limitation has been studied extensively
since the 1960s. Literature has focused on different types of
channels as PMDs usually appear in different geometries.
Fundamental work of the capillary ﬂow rate limitation prob-
lem has been done theoretically, numerically and experimen-
tally.7–9 To cite a few, Rosendahl et al.10 established the
one-dimensional model for parallel channels neglecting the
curvature in ﬂow direction. In succession, Haake et al.11,12
and Grah et al.13 expanded the theory to groove channel
geometries. In the 1990s, the United States performed a series
of ﬂuid acquisition and resupply experiments in space to test
the ability of vane surface tension tanks, such as FARE (ﬂuid
acquisition and resupply experiment) II and VTRE (vented
tank resupply experiment).14,15 Tanks consisting of inner vanes
mounted to a central standpipe as well as outer vanes follow-
ing the proﬁle of the tank wall (see Fig. 1) demonstrated good
capability in liquid management. As sketched in Fig. 1, inner
vanes formed the wedge-shaped interior corners in the central
while outer vanes and the tank wall constituted the asymmetry
interior corners formed by one straight side and one arc.
Klatte5 and Wei et al.16,17 have studied the surface collapse
behavior of wedge-shaped channels theoretically and experi-
mentally. For this asymmetry corner, Weislogel and
Collicott18 investigated the capillary rewetting phenomenon
by approximating the curved portion with a straight section
and then improved the precision by approximating the corner
with an isosceles triangle. However, this approximation is only
appropriate when the number of outer vanes is large. So far,
for the asymmetry channels, due to its complexity in geometry,Fig. 1 Schematic of tank cross-section.
Fig. 2 Schematic of athe surface collapse behavior and ﬂow rate limitation have not
been considered in the literature.
This paper focuses on the ﬂow stability in asymmetry chan-
nels. We aim to determine the critical ﬂow rate that leads to the
surface collapse. Despite that the general capillary equations are
universal for various channel geometries, pressure loss is differ-
ent. That’s why authors have studied the problem from one
channel geometry to another in the literature. The asymmetry
peculiarity adds complexity tomodeling and analysis. To reduce
the complexity, we introduce a geometrical method to convert
the asymmetry corner to an equivalent symmetric one according
to the work of Li et al.19,20 Based on the equivalent corner, the
one-dimensional ﬂowmodel is established. The ﬂow rate limita-
tion can then be determined by numerical solution of the gov-
erning equation system and validated by CFD simulation.
Surface curvature and pressure loss are analyzed in detail to
comprehensively understand the surface collapse mechanism.2. Model for asymmetry channel
2.1. Flow model
The asymmetry channel we consider is shown in Fig. 2. The
channel is of vane width d; tank radius r and channel length
l. On the open side it forms a free surface when the liquid ﬂows
along the x-axis from the inlet to the outlet. The ﬂow is main-
tained by an external pump with ﬂow rate Q at the outlet, imi-
tating the draining process of the satellite tank in space. The
channel is surrounded by passive atmosphere of constant pres-
sure pa. Liquid ﬂow is considered to be laminar, isothermal
and incompressible. It is assumed that the velocities along y
and z directions are neglectable compared with that in x direc-
tion and the cross-section changes sufﬁciently small. Hence the
ﬂow can be considered as one-dimensional along x-axis.
Liquid constant properties are the kinematic viscosity t, sur-
face tension r and density q. The liquid wets the channel with
a constant contact angle c, neglecting any contact angle hys-
teresis. Coordinate system is located at the bottom of the inlet.
As the symmetry of vanes and wall in a surface tension
tank, the surface may be determined by analyzing the smallest
symmetrical element sketched in Fig. 3. For this corner, it is
not easy to ﬁnd proper parameters to describe the surface since
it is asymmetric. Thus a geometric method of structuring an
equivalent corner19 is introduced in the following way. A tan-
gent line is drawn at the contact location C and intersects with
the extension line of AO, forming the equivalent corner \O0.
Conﬁned by the contact condition, this dummy interior corner
shares the same surface with the actual asymmetry one. We
model the ﬂow based on the equivalent corner as it is of wedgesymmetry channel.
Fig. 3 Asymmetry interior corner consisting of a vane and tank
wall.
722 Y. Tang et al.shape, geometric relations of which are much easier to be
described. Fig. 3 introduces the cross section variables, such
as half-angle a, surface radius R, local curvature angle d and
surface height k. As a function of ﬂow path x, k depicts the
interface height that is the distance from the corner to the bot-
tom of the surface. It is chosen as the primary variation in the
one-dimension model. In the following derivation process, we
manage to denote the other variations as functions of k and its
derivatives with respect to x. Geometry relations of the asym-
metry corner and the equivalent one can yield the parameters
we used to model the ﬂow. The central angle at the inlet yields
b ¼ arctanKðK 2Þ
2ðK 1Þ ð1Þ
and the initial half angle can be obtained by
a ¼ ðp=2 bÞ=2 ð2Þ
The length ratio K is the ratio of vane width and tank radius,
K ¼ d=r ð3Þ2.2. Governing equations
Based on the assumption that velocity in x direction is signif-
icantly larger than those in y and z directions, the one-
dimensional momentum equation with a viscous pressure loss
term wf in the ﬂow direction differentiated with respect to the
x-coordinate13 yields
1
q
 dp
dx
¼ m dm
dx
þ dwf
dx
ð4Þ
where m is the mean velocity in a cross section. The left term in
Eq. (4) is the pressure gradient in x direction. As liquid pres-
sure p is lower than that of the atmosphere pa, surface has to
bend inwards so that the capillary pressure introduced by sur-
face tension force can balance the pressure difference. Liquid
pressure p is related to the surface curvature h and surface
tension r. Young–Laplace equation depicts the relation as
p pa ¼ r
1
R1
þ 1
R2
 
¼ rh ð5Þ
where R1 and R2 are the mean radii of the free surface, R2 in
x z plane along the ﬂow path while R1 in y z plane.Differentiating Eq. (5) with respect to x-coordinate gives the
expression of the pressure gradient
dp
dx
¼ r dh
dx
ð6Þ
It should be noticed that R1 is assumed as a constant radius at
the mean curvature plane. It means that in y z plane, the free
surface can be treated as a segment of a circle with radius R1
that may be derived as a function of k using the geometrical
relations in Fig. 3.
R1
sin a
¼ R1 þ k
sinðaþ cÞ ð7Þ
where c is the contact angle.
Unlike the symmetry cases, the equivalent half angle a also
depends on the contact locations of the liquid (Point C in
Fig. 3). The location point is determined by the surface height
k and surface radius R1 altogether. Geometric equations read
a ¼ 1
2
p
2
 b
 
ð8Þ
kþ R1½1 sinðaþ cÞ ¼ r tanb cos a ð9Þ
According to the curvature algorithm, the radius in x z plane
along the ﬂow direction reads
R2 ¼ 1þ k02x
 3=2
=k00x ð10Þ
The ﬁrst term on the right side in Eq. (4) speciﬁes the convec-
tive acceleration due to area changes. With the conservation of
mass, the mean velocity in a cross section reads
v ¼ Q=A ð11Þ
Then the convective acceleration term can be written as
m
dm
dx
¼ Q
2
A3
 dA
dx
ð12Þ
The liquid cross-section area can also be denoted as a function
of height k and radius R1, expressed by
A ¼ ðkþ R1ÞR1 sin d R21dþ
1
2
r2ðb tanbÞ ð13Þ
The second term on the right side of Eq. (4), the irreversible
viscous pressure loss dwf, is given by Klatte
5 and Wei et al.16
for fully developed ﬂow,
dwf
dx
¼ Kdh
Redh
 qm
2
2
ð14Þ
where dh is the hydraulic diameter of the channel and Re the
Reynolds number. As deﬁned by Ayyaswamy et al.21, the lam-
inar friction constant Kdh for asymmetry channels is a function
of length ratio K ¼ d=r and contact angle c. The friction factor
can be computed with the partial differential equation toolbox
in MATLAB, where we can deﬁne the ﬂow cross-section areas
and solve the Poisson equation. Friction constant Kdh are
listed in Table 1. Value matrix shows that Kdh is a weak
function of c and K.
Subsisting the capillary pressure Eq. (6), the convective
term Eq. (12) and the pressure loss Eq. (14) into Eq. (4), ﬁnally
we get the differential governing equation in dimensional form:
dh
dx
¼ q
r
Q
2
A3
 dA
dx
þ qKdh
2Redh
Q
2
A2
 
ð15Þ
Table 1 Friction constant Kdh at different contact angles and
length ratios.
Contact angle c (o) Friction constant Kdh
K= 0.30 K= 0.35 K= 0.40 K= 0.45
0 66.93 66.94 68.49 71.60
10 58.41 61.99 60.23 64.45
15 60.11 59.82 61.32 64.50
20 61.07 60.42 61.14 64.17
Capillary ﬂow rate limitation in asymmetry open channel 723The governing Eq. (15) is scaled with the scaling quantities
summarized in Table 2. Variables are noted with 0 symbolize
the dimensionless form. The x-axis is scaled with the channel
length l, surface height with b0, ﬂow rate Q with the character-
istic ﬂow rate Qc, and other lengths with characteristic radius
Rc. Velocities are scaled by the characteristic velocity vc, and
the cross-sectional area A is scaled by the inlet area A0. The
pressure is scaled with a characteristic capillary pressure pc.
The Ohnesorge number Oh represents the ratio of viscosity
and inertia.
The dimensionless governing equation ﬁnally reads:
dh0
dx0
¼ Q
02
A03
 dA
0
dx0
þ KdhOh
2Xd 02h
Q
0
A0
ð16Þ
As a result, we can see that the equation is only a function of
the interface height k0ðx0Þ. The governing equation indicates
that the dimensionless critical ﬂow rate is a function of four
independent dimensionless variations:
Q0crit ¼ fðK;H; c;OhÞ ð17Þ2.3. Boundary conditions
For this problem, the inlet and outlet are ﬁlled with liquid, and
surface is pinned at the edges of inlet and outlet. The dimen-
sionless boundary conditions areTable 2 Scaled variables, characteristic variable, and characteristic
Fig. 4 Model and grids usedk0ðx0 ¼ 0Þ ¼ k0ðx0 ¼ 1Þ ¼ 1 ð18Þ
and the surface curvature at the channel inlet
h0ðx0 ¼ 0Þ ¼ h00 ð19Þ
The exact determination of the inlet surface curvature h0 can
refer to the article given by Klatte5, where an experimental
algorithm with 3-D simulation is applied to predicting the inlet
curvature. The nonlinear ordinary differential equation Eq. (16)
is a function of k0ðx0Þ. For this two-boundary-condition
problem, it can be solved numerically with the ﬁnite differences
and Newton iterative methods.
3. Results and discussions
In this section, the results of critical ﬂow rate for asymmetry
channels are calculated according to the theoretical model.
Surface development is analyzed and compared for inertia-
dominated and viscous-dominated ﬂow. Moreover, variations
of the Ohnesorge number, the contact angle and two length
aspect ratios are investigated as the parametric study at the
critical ﬂow rate. By comparing the surfaces in the asymmetry
channel and the wedge-shaped one with right angle, character-
istics of the two kinds of channels are highlighted. As experi-
ments for asymmetry channels have not been conducted so
far and there are not any available data in the present litera-
ture, we have to validate the model with CFD simulation tools
at this stage.
3.1. Numerical simulation setup
The one-dimensional theory is validated with FLUENT simu-
lation. The solver is chosen as the volume of ﬂuid (VOF),
which contains a transport equation to determine the relative
phase fraction. It calculates the physical properties of the
phase as weighted averages based on the transport equation.22
The implicit scheme body force is deﬁned for the VOF scheme
and body force formulation respectively. Geometry modelnumbers.
in FLUENT simulation.
Table 3 Parameters and properties for test channel and
liquid.
Geometry HFE-7500 (21 C) Number
d= 20 mm c ¼ 0 K ¼ 0:423
r= 47.32 mm q ¼ 1620 kg=m3 H ¼ 0:634
l= 30 mm m ¼ 7:9 107 m2=s Oh ¼ 6:29 104
r ¼ 0:0162 kg=s2
Fig. 6 Series of asymmetry channels and wedge-shaped channel
of right angle.
724 Y. Tang et al.used in FLUENT is shown in Fig. 4. A relatively long ﬂow
path is set in front of the open channel to make sure that the
ﬂow is fully developed. In total 55176 mesh grids are used in
calculation. Inlet and outlet are set as the velocity boundary
condition since it can be determined by the ﬂow rate and the
cross section area. On the open side, the pressure outlet bound-
ary conditions are set for the free surface since it is surrounded
by the atmosphere of a constant pressure. Simulation ﬂow time
is set as t ¼ 3:5 s, a time when the ﬂow comes to steady. The
dimensionless critical ﬂow rate is 0.649 according to the theo-
retical model. Simulations are conducted at the ﬂow rates
Q0 ¼ 0:550, Q0 ¼ 0:649 and Q0 ¼ 0:715 respectively.
Correspondingly, the surface development of subcritical,
critical and supercritical is in expectation.
HFE-7500 is chosen to be the test liquid as it can perfectly
wet the quartz glass (c ¼ 0 ) at the temperature of 21 C. The
geometric parameters of the channel and properties of HFE-
7500 are listed in Table 3.
Simulation results are shown in Fig. 5. For subcritical ﬂow
(Q0 ¼ 0:550), the curvature of the surface is mild, and the sur-
face at a steady state with such ﬂow rate can be guaranteed.
For supercritical ﬂow (Q0 ¼ 0:715), the decrease of liquid pres-
sure forces the interface to bend inwards to a large extent.
With the liquid ﬂowing constantly towards the outlet, the
gas will be ingested into the liquid, causing the mixture of liq-
uid and gas. For critical ﬂow rate (Q0 ¼ 0:649), the capillary
pressure can just offset the pressure difference. At this
moment, the most inward point does not exceed the outlet
and surface can just strive to keep stable. The simulation
results accord with the theoretical model. However, due to
the limited simulation cases, this simulation can only validate
the theoretical ﬂow rate to some extent rather than very
precisely.
3.2. Comparison between asymmetry and symmetry channels
In this section, ﬂow rate limitations in asymmetry and symme-
try channels are compared according to the theoretical modelFig. 5 Surface development by FLUENT simulation for subcriin this paper and the one proposed by Wei et al.16 for wedge-
shaped channels. As the tangent line at the bottom of the
asymmetry corner is perpendicular to the vane, we choose
the wedge-shaped channel with the right angle for comparison.
Fig. 6 shows a series of asymmetry corners of different radii r.
All these channels are of the same vane width d and channel
length l. As different channels are of different cross-section
areas, here we adopt the ratio of volume ﬂow rate and initial
cross-section area, namely the dimensional average velocity
at the inlet as the evaluating index. Theoretical results are
listed in Table 4. From Table 4, we can see that as the radius
becomes larger, the critical velocity grows down. It should be
notice that when the radius r tends to inﬁnite, the asymmetry
corner tends to the right-angle corner. What makes sense is
that when r grows to 300 mm, a length much larger than d,
the critical velocity yields 4.45 mm/s, a value much close to
that of the right-angle channel 4.30 mm/s. It is said that if
the tank radius and the vane width satisfy r >> d, the ﬂow rate
limitation in the asymmetry channel can be approximated by
that in the right-angle channel. This conclusion also indicates
that the new advanced theoretical model for asymmetry in this
paper accords well with the model for wedge-shaped chan-
nels16 in the previous literature, which provides validation of
the new model from another aspect.
To better understand the difference in surface behavior due
to geometries, more detailed information is displayed in Figs. 7
and 8. Here the asymmetry channel is of d ¼ 20 mm,
r ¼ 47:32 mm, while the wedge-shaped one is of right angle,
the half angle a ¼ 45 and d ¼ 22:94 mm. The two channels
are of the same cross-section area and the same channel length
l ¼ 30 mm. Theoretical critical ﬂow rate limitations aretical, critical and supercritical ﬂow at the ﬂow time t ¼ 3:5 s.
Table 4 Critical velocities for asymmetry channels and wedge-shaped one.
Parameter Asymmetry channel (d= 20 mm, l= 30 mm) Wedge-shaped channel
r= 40 mm r= 60 mm r= 80 mm r= 100 mm r= 200 mm r= 300 mm a ¼ 45o, d= 20 mm
Critical velocity (mm/s) 17.80 14.53 7.41 5.71 4.68 4.45 4.30
Fig. 7 Surface parameters in asymmetry and wedge-shaped
channels.
Fig. 8 Pressure loss in asymmetry and wedge-shaped channels.
Capillary ﬂow rate limitation in asymmetry open channel 7254:9 mL=s and 2:01 mL=s for the asymmetry channel and the
wedge-shaped one respectively.
Figs. 7 and 8 show the surface parameters and pressure loss
in the two channels at the same ﬂow rate Q ¼ 2:0 mL=s, which
is close to the critical value of the wedge-shaped channel, but
far away from that of the asymmetry one. For comparison,
we choose k ¼ k=b0, v ¼ v=v0 and h ¼ ðh h0Þ=h0 as the
indexes. At the same ﬂow rate, both convective and viscous
pressure loss in the asymmetry channel is much smaller than
that of the wedge-shaped one, leading to a much milder curv-
ing surface in the asymmetry channel. The comparison makes
it clear that for channels with the same cross-section area and
channel length, the asymmetric one can withstand larger pres-
sure loss and greater critical ﬂow rate than the right-angle one.
This conclusion can offer valuable reference for PMDs design
and development in space science and technology.
In addition to Table 4 and Figs. 7 and 8, a comparison
between an asymmetry channel and its equivalent one deﬁned
in Fig. 3 is presented as follows. The geometrical parameters
and characteristic numbers for each channel are listed in
Table 5.Table 5 Parameters and characteristic numbers for asymmetry cha
Asymmetry channel
Parameter Characteristic number
d= 20 mm K ¼ 0:423
r= 47.32 mm H ¼ 0:634
l= 30 mm Oh ¼ 6:29 104Numerical solutions of the critical ﬂow rates for the asym-
metry channel and its equivalent one are 0.634 and 0.639
respectively. The two critical values are quite close to each
other, with 0.79% error. Furthermore, comparisons of the sur-
face height k0, the velocity v0, and the curvature h0 along the
ﬂow path are shown in Fig. 9. It can be seen that the curve
lines for the two channels almost overlap, indicating that the
free liquid surface in the asymmetry channel and the equivalent
one has good accordance. Thus the ﬂow rate limitation in the
asymmetry channel can be determined by the equivalent one.
3.3. Surface analysis and parameter study
Figs. 10 and 11 show more detailed information of the theoret-
ical results. Here we choose Channel A and Channel B for
demonstration and comparison. Channels A and B are of the
same length ratios K ¼ 0:423 and H ¼ 0:634, but different
Ohnesorge numbers, Oh ¼ 6:29 104 for Channel A while
Oh ¼ 6:29 102 for Channel B. Theoretical dimensionless
critical ﬂow rates are 0.649 and 0.130 for Channels A and B
respectively.nnel and equivalent one.
Equivalent channel
Parameter Characteristic number
a ¼ 30o X ¼ l=a ¼ 1:098
a= 27.32 mm Oh ¼ 6:29 104
l= 30 mm
Fig. 9 Surface comparison between asymmetric channel and its
equivalent one.
Fig. 10 Surface parameters in inertia do
Fig. 11 Pressure loss in inertia domin
726 Y. Tang et al.The Ohnesorge number Oh ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃqv2=ðrRcÞp represents the
ratio of viscosity and inertia forces. For ﬂow with small Oh,
it can be said that the ﬂow is dominated by the inertia forces,
otherwise by viscous forces. Fig. 10 illustrates the surface
development in Channel A and Channel B. The common
grounds and obvious differences between the two surfaces
are depicted by these curves. In the two channels, due to the
convective and viscous momentum transport, the free surfaces
both initially bend inwards to balance the pressure difference
between liquid and gas. The surface height k0 and the
cross-section area A0 decrease along the ﬂow path.
Correspondingly, the velocity v0 and the surface curvature
h0  h00 achieve the maximum at the very point that the surface
height reaches the smallest. Subject to the restriction of bound-
ary condition at the outlet, the surface height k0 begins to
increase after the lowest point. The cross-section area and
velocity reconvert to initial state. However, note that the
interface and curvature in Channel A are almost symmetric,
differing from those in Channel B. In Channel A, the smallest
cross-section is in the middle of the channel. For the ﬂow inminated and viscous dominated ﬂow.
ated and viscous dominated ﬂows.
Fig. 12 Numerical solutions for parametric study (Contact angle c ¼ 0 and inlet pressure is given as h00 ¼ 1þQ02=2).
Capillary ﬂow rate limitation in asymmetry open channel 727Channel B with greater Oh, the smallest cross-section moves to
the right of the channel path due to larger viscous loss.
Differences of pressure loss are also illustrated in Fig. 11.
For the inertia dominated ﬂow (Channel A), convective pres-
sure loss is signiﬁcantly larger than that of viscous. It should
be made clear that the convective pressure loss is restorable
depending on the velocity, while the viscous pressure loss is
irreversible and accumulates along the ﬂow path. Due the fact
of that, the liquid pressure in Channel A drops from the inlet
and begins to recover after the minimum, which is close to the
convective pressure loss. Since the capillary pressure intro-
duced by surface tension can only withstands a certain amount
of differential pressure, the collapse ﬁrstly happens at the point
where the liquid pressure reaches the smallest once the ﬂow
rate exceeds the critical value. In that case gas ingestion will
occur at the outlet, leading to a failure in the propellant man-
agement. In the viscous-dominated ﬂow (Channel B), the liq-
uid pressure keeps going down through inlet to outlet mainly
caused by viscous pressure loss. The minimum liquid pressure
lies at the end of the channel, where the surface collapse is
most likely to happen.
Fig. 12 parametrically studies the inﬂuence of length ratio
K, H and Oh on the critical ﬂow. Contact angle c ¼ 0 and
the inlet pressure is given as h00 ¼ 1þQ02=2. Obviously, the
results show that the critical ﬂow rate goes down as the length
ratio H ¼ l=r, an indication of channel length, becomes large.That is because the viscous pressure loss accumulates along the
ﬂow channels. The longer the channel, the larger the pressure
loss. Another aspect is that the critical value will reduce as the
Oh increases, also due to the increment of the viscous pressure
loss. What’s more, it should be noticed that although all of the
critical ﬂow rates decline along the ﬂow path in the four series
of curves, the decline patterns are different depending on the
length ratio K ¼ d=r. For K ¼ 0:10, as the length ratio H
grows from zero, the critical ﬂow rates reduce rapidly at the
beginning then much slowly. But it is not the same when K
becomes large. For K ¼ 0:25, the critical ﬂow rates go down
much slowly than that of K ¼ 0:10; for K ¼ 0:42 and 0.50,
the critical ﬂow rates decline almost linearly along the length
ratio H from 0 to 1.0. The results indicate that for the tanks
that the vane widths are relatively small, decrease of the critical
ﬂow rate is signiﬁcant as the channel length increases. But for
tanks with larger vanes, the decrease of the critical ﬂow rate
caused by channel length increment is relatively small and
even.4. Conclusions
(1) The one-dimensional theoretical model is established to
determine the ﬂow rate limitation in the asymmetry open
capillary channels. For one-dimensional approximation,
728 Y. Tang et al.only the velocity along ﬂow direction is considered. All
variables in the equation can be functions of the surface
height with geometry computation.
(2) The critical ﬂow rate is investigated as a function of
channel geometry and liquid properties. Surface curva-
ture, convective and viscous pressure loss are analyzed
in detail to better understand the surface collapse mech-
anism. The work can be beneﬁcial to PMD designers to
have a better understanding of the ﬂow rate limitation in
the surface tension tanks of the satellite.
(3) Comparison is made between the new theoretical model
in this paper and models of symmetrical channels in
literature. Results show that if tank radius is much
bigger than the vane width, the asymmetry critical ﬂow
rate can be approximated by that in the right-angle
wedge-shaped channel. The theoretical model in this
paper can accord well with the existing one, which also
provides validation for the theoretical model from
another aspect.
Acknowledgement
This study was supported by the National Natural Science
Foundation of China (Nos. 50975280 and 61004094).
References
1. Rosendahl U, Ohlhoff A, Dreyer ME. Chocked ﬂows in open
capillary channels: theory, experiment and computations. J Fluid
Mech 2004;518:187–214.
2. Dominick S, Tegart J. Orbital test results of a vaned liquid
acquisition device. Reston (VA): AIAA; 1994. Report No.: AIAA-
1994-3027.
3. Jaekle ED. Propellant management device conceptual design and
analysis: vanes. Reston (VA): AIAA; 1991. Report No.: AIAA-
1991-2172.
4. Weislogel MM, Baker AJ, Jenson MR. Quasi-steady capillary-
driven ﬂows in slender containers with interior edges. J Fluid Mech
2011;685:271–305.
5. Klatte J. Capillary ﬂow and collapse in wedge-shaped channels
[dissertation]. Bremen. Germany: University of Bremen; 2011.
6. Weislogel MM, Jenson R, Chen Y. The capillary ﬂow experiment
aboard the International Space Station: Status. Acta Astronaut
2009;65(5–6):861–9.
7. Weislogel MM, Nardin C. Capillary driven ﬂow along interior
corners formed by planar walls of varying wettability.
Microgravity Sci Technol 2005;17(3):45–55.
8. Concus P, Finn R. On the behavior of a capillary surface in a
wedge. Appl Math Sci 1969;63(2):292–9.
9. Weislogel MM. Some analytical tools for ﬂuids management in
space: isothermal capillary ﬂows along interior corners. Adv Space
Res 2003;32(2):163–70.10. Rosendahl U, Ohlhoff A, Dreyer ME, Rath HJ. Investigation of
forced liquid ﬂows in open capillary channels. Microgravity Sci
Technol 2002;13(4):53–60.
11. Haake D, Rosendahl U, Ohlhoff A, Dreyer ME. Flow rate
limitation in open capillary channel ﬂows. Ann NY Acad Sci
2006;1077:443–58.
12. Haake D, Klatte J, Grah A, Dreyer ME. Flow rate limitation of
steady convective dominated open capillary channel ﬂows through
a groove. Microgravity Sci Technol 2010;22(2):129–38.
13. Grah A, Haake D, Rosendahl U, Klatte J, Dreyer ME. Stability
limits of unsteady open capillary channel ﬂow. J Fluid Mech
2008;600:271–89.
14. Chato J, Martin A. Vented tank resupply experiment––ﬂight test
results. Reston (VA): AIAA; 1997. Report No.: AIAA-1997-2815.
15. Dominick S, Driscoll S. Fluid acquisition and resupply experiment
ﬂight results. Reston (VA): AIAA; 1993. Report No.: AIAA-1993-
2424.
16. Wei YX, Chen XQ, Huang YY. Flow rate limitation in open
wedge channel under microgravity. Sci China Phys Mech Astron
2013;56(8):1551–8.
17. Wei YX. A study on the ﬂow of the propellant in a spacecraft tank
under microgravity [dissertation]. Changsha: National University
of Defense Technology; 2013 [Chinese].
18. Weislogel MM, Collicott SH. Capillary rewetting of vaned
containers: spacecraft tank rewetting following thrust resettling.
AIAA J 2004;42(12):2251–62.
19. Li JH, Chen XQ, Huang YY. Study on asymmetric interior corner
ﬂow in microgravity condition. Sci China Technol Sci
2012;55(8):2332–7.
20. Li JH. The study of interior corner ﬂow and application in
the design of vane-type surface tension tank
dissertation. Changsha: National University of Defense
Technology; 2012 [Chinese].
21. Ayyaswamy PS, Catton I, Edwards DK. Capillary ﬂow in
triangular grooves. J Appl Mech 1974;41(2):332–6.
22. Wang RJ, Zhang K, Wang G. Technique base and practise instance
of Fluent. 1st ed. Beijing: Tsinghua University Press; 2010. p. 22–
5 [Chinese].
Tang Yu received B.S. degree from College of Aerospace Science and
Engineering, National University of Defense Technology in 2008, and
is currently a Master candidate there. Her main research interests
include capillary interior corner ﬂow and its application in aircraft.
Chen Xiaoqian is a professor and Ph.D. supervisor at College of
Aerospace Science and Engineering, National University of Defense
Technology, Changsha, China. His current research interests are
spacecraft systems engineering, multidisciplinary design optimization
and its applications in space systems.
Huang Yiyong is a professor in College of Aerospace Science and
Engineering, National University of Defense Technology. His research
interests include spacecraft systems engineering, multidisciplinary
design optimization and its applications in space systems.
